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ABSTRACT

Author: Walter, Anna, V. PhD
Institution: Purdue University
Degree Received: August 2018
Title: Polymer Solution Rheology and Polymer Synthesis for Enhanced Oil Recovery
Major Professor: Kendra Erk
Enhanced Oil Recovery (EOR) is used to access the oil within oil basins that remains after
traditional recovery methods are deployed. In alkali-surfactant-polymer EOR, aqueous solutions
containing surfactants and high molecular weight polymers are injected into oil basins. The most
common polymer used in polymer EOR is partially hydrolyzed polyacrylamide (HPAM), a
copolymer of polyacrylamide and polyacrylic acid, and in aqueous solutions, HPAM is a
polyelectrolyte. The presence of salts in the oil basin and in water used to make industrial injection
solutions can alter the interactions of these anionic charges. By knowing the rheological behavior
of polymer solutions containing ions, polymer solutions can be more specifically formulated to the
conditions of various oil basins, improving recovery.
In this study, shear and extensional rheology are utilized to determine the behavior of
polyelectrolyte solutions and interactions between polyelectrolytes and ions in three stages. The
first stage used commercial polymers, marketed for EOR, and investigated the effect of
monovalent and divalent salts on solution behavior in shear. The second stage studied these same
solutions under extension. It was found that all solutions, even with monovalent and divalent salts
were shear thinning but strain hardening. This suggests that calcium may form complexes with the
polymer. In the final stage of this study, model polyacrylamides were used; the degree of
hydrolysis of the polymer was varied thereby controlling the concentration of negative charges
along the polymer backbone. Shear rheometry was again used to study the behavior of these
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solutions in the presence of monovalent and divalent salts. Additionally, a novel physical gel was
discovered, and its structure was probed using swelling studies and small-angle x-ray scattering.
Overall, this project offers insight into the physical behavior of polyelectrolytes under
industrially relevant conditions. The nature of polyelectrolyte interactions with multivalent salts,
one of the most challenging problems in polymer physics, was probed. By relating the chemical
structure of polyelectrolytes and composition of aqueous solutions to rheological behavior,
predictions about the efficacy of polymer solutions for EOR can be made. This project will have a
lasting impact, not only by increasing the productivity of current oil wells but also by clearly
determining the nature of polyelectrolyte – ion interactions.

1

1. INTRODUCTION

Motivation: Enhanced Oil Recovery
Oil provides an estimated 32% of the world’s primary energy[1] and production of oil in the
United States is currently growing [2]. The world’s proven oil reserves will last under 54 years at
current rates of production [2]. Such calculations however rely on assumptions of what fraction of
oil in a given reservoir can be retrieved. By traditional methods of oil recovery, only 20-40% of
the oil formed in the reservoir, or the original oil in place (OOIP), can be recovered (produced) [3].
Enhanced oil recovery (EOR) includes a variety of techniques that allows much more of the OOIP
to be recovered, making a single oil reservoir more productive [3]. Some EOR techniques can
allow over 80% of the OOIP to be recovered [4], potentially doubling the years for which oil can
be produced. Therefore, optimizing EOR is a key step in ensuring the future of the United States’
energy independence and the world’s energy future [3], [5].
The life of a traditional oil field includes primary and secondary recovery prior to the
implementation of EOR. During primary recovery of oil, oil is driven to the surface through the
pressure difference between the reservoir and the surface [1], [6]. During primary recovery, this
pressure difference is naturally occurring. As oil is removed from the reservoir, the pressure inside
the reservoir drops, and the driving force that forces the oil to the surface decreases and eventually
ceases. At this stage, secondary recovery becomes necessary for more oil to be recovered. During
secondary recovery, commonly called waterflood, a second well is drilled, located in a distinct
location from the recovery well. Water (or another fluid, such as CO2) is pumped into this well so
that it reaches into the reservoir. The added fluid in the reservoir re-establishes the pressure
differential and helps to drive more oil to the surface [1].
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Tertiary recovery, or enhanced oil recovery (EOR), encompasses a range of techniques to
further recover oil and is typically implemented after primary recovery and waterflood. Types of
EOR include gas injection, chemical EOR, and thermal EOR. In addition to re-establishing the
pressure differential, these methods improve oil recovery typically in one or more of two main
mechanisms: by improving the macroscopic sweep efficiency and the microscopic sweep
efficiency. The product of these factors is proportional to the recovery factor, which is the
proportion of the OOIP that is recovered as shown in equation 1.1:
𝑅𝐹 ∝ 𝐸𝑝𝑠 ∗ 𝐸𝑠

(1.1)

In this equation, RF is the recovery factor, Eps is the microscopic displacement efficiency,
and Es is the macroscopic sweep efficiency. Macroscopic sweep efficiency is the portion of the
reservoir that the injection fluid reaches. Microscopic sweep, also known as displacement
efficiency, is the effectiveness of the injection fluid at displacing an individual oil droplet through
a pore throat. As the names imply, macroscopic and microscopic displacement efficiency work on
opposing scales; however, both are impacted by the viscosity of the injecting fluid and
characteristics of the reservoir.
Macroscopic sweep has two primary components: the vertical and areal sweep. Of main
concern for vertical sweep is thief zones, or layers of high permeability. Fluid may preferentially
flow into these areas and not sweep the rest of the reservoir, reducing sweep as shown in Figure
1-1. This is typically prevented by physically blocking the injection fluid from entering the thief
zones, either at the injection site or throughout the reservoir. Typical materials for such procedures
include polymer gels or foams [5], [6]. Areal sweep can also be effected by geological
heterogeneity [6], although such heterogeneity can be more difficult to predict or model than the
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formation of thief zones. Additionally, areal sweep is controlled by the mobility ratio, shown in
equation 1.2.
Injection well

~1 km

High
permeability

Figure 1-1. Schematic of the preferential flow of injection fluid from the injection well into a
high permeability thief zone.
𝑀=

𝜆𝑤
𝜆𝑜

=

𝑘𝑟𝑤 /𝜂𝑤

(1.2)

𝑘𝑟𝑜 /𝜂𝑜

Here, M is the mobility ratio, λw and λo are the mobility of water and oil, krw and kro are the
relative permeability of the water and oil phases, and ηw and ηo are the viscosities of the water and
oil phases. Typically the viscosity terms dominate. When the mobility of the displacing phase (an
aqueous solution in chemical EOR, a hydrocarbon gas in gas EOR) is much higher (usually through
a much lower viscosity) than the mobility of the displaced phase, a phenomenon known as viscous
fingering can occur. In viscous fingering, the interface between the two fluids becomes nonuniform. An unfavorable mobility ratio, e.g. a higher one, especially one that results in viscous
fingering, lowers macroscopic sweep overall.
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Microscopic sweep is also impacted by fluid viscosity and reservoir characteristics.
However, the reservoir characteristics that are of interest on this scale are the wettability of the
reservoir and the capillary forces in the system. The capillary forces are governed by the capillary
number, given in equation 1.3:
𝐶𝑎 =

𝑣 𝜂𝑤
𝜎𝑜/𝑤 𝑐𝑜𝑠𝜃

(1.3)

Here Ca is the capillary number, ν is the velocity of the injecting fluid, η w is the viscosity
of the injecting fluid, σo/w is the interfacial tension between the oil and water, and θ is the contact
angle. In systems with larger capillary numbers, typically Ca > 10-5, the capillary trapping of oil
droplets, shown in Figure 1-2, is less likely to occur, yielding and improved microscopic sweep.
Often to increase the capillary number of the system, the interfacial tension is decreased (as
increasing the velocity is economically impractical). However, the contact angle, or the wettability
of the reservoir can also be altered [7]. The composition of the rock of the reservoir, the
composition of the crude oil, and oil recovery processes all influence the reservoir wettability [7],
[8]. It is preferable to have a mixed-wettability – to have some areas that are water-wet (contact
angle < 90°) and others that are oil-wet (contact angle > 90°). This promotes drainage of the oil
from one area to the other. The addition of chemicals that alter the interactions between the fluids
and the reservoir rock, e.g. surfactants, can alter the contact angle.
It is by improving the microscopic sweep, the macroscopic sweep, or both, that EOR
methods improve oil recovery. In the US, CO2 EOR, miscible gas EOR, and thermal EOR are
already all being utilized [3]. In one subset of EOR, chemical EOR, chemicals are added to the
waterflood, typically polymer, surfactant, alkali (base), or some combination of these. The addition
of polymer improves macroscopic sweep, primarily by increasing the injection phase viscosity,
which improves the mobility ratio. Surfactant lowers the interfacial tension between oil and water,
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and can also change the wettability of the reservoir. Alkali alters the wettability of the reservoir,
typically to make it more water-wet. When used in chemical EOR, each of these chemicals is made
into an aqueous solution and injected into the reservoir (not at the recovery well) to improve
recovery. When all three chemicals be utilized in combination, it is known as alkali-surfactantpolymer (ASP) EOR.

injection fluid flow

grain
trapped oil
droplets

mobilized
oil droplet

Figure 1-2 Schematic of immobilized and mobilized oil droplets trapped due to capillary
pressure
Of all chemical EOR methods, alkali-surfactant-polymer (ASP) EOR has been found to
have the highest recovery [4] and is one of the most effective EOR methods overall. All three of
the components work synergistically together: alkali prevents adsorption of surfactant and can
work with the surfactant to make a soap-like substance, which is more effective at removing
trapped oil than surfactant alone. The polymer helps to then move the other solution through the
reservoir. Often two solutions are injected: first alkali and surfactant, then a polymer solution to
help improve macroscopic sweep [9] or to conserve surfactant [10]. The initial injection containing
some combination of alkali, surfactant, and polymer (an injection is also commonly called a “slug”)
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helps to mobilize the oil within the reservoir, while the second slug of polymer solution followed
by more “drive fluid” helps to move the mobilized oil to the production well [9], [11].
Despite the synergistic effects of ASP EOR, the physical and chemical conditions of the
reservoir and recovery machinations such as temperature, pressure, pH, the presence of other, preexisting chemical species, and mechanical stresses must be considered during implementation.
These limitations impact the choice of materials for ASP EOR. The mineral surfaces of the
reservoir are typically negatively charged [12], so negatively charged surfactants and polymers are
often chosen to prevent adsorption onto the reservoir surface. Examples of common classes of
surfactants include petroleum sulfonate, other sulfonates, and ethoxylated alcohol [9]. The most
common polymer for EOR is hydrolyzed polyacrylamide (HPAM), a copolymer of acrylamide
and acrylic acid or sodium acrylate, the chemical structure of which is shown in Figure 1-3. This
polymer is commonly chosen for its negative charge and its high molecular weight (which leads
to a high viscosity; discussed in Sections 1.2 and 1.3).

Figure 1-3 Chemical structure of hydrolyzed polyacrylamide (HPAM). n and m refer to the
relative amounts of the AM and AA repeat units respectively
Even though the materials used for ASP EOR are chosen to suit common reservoir
characteristics, challenges still exist. The presence of calcium ions (Ca2+), which is often found in
connate water, can cause many polymers to flocculate [13]. Connate water generally has high
salinity (up to 13,000 mg/L of Cl- [14], [15]). Salinity can vary greatly within [14] and between
basins; even in the same region total dissolved solids can range (equivalent concentration of NaCl)
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from 15,000 to 120,000 ppm [16]. The cations with highest concentration are sodium (Na+) and
potassium (K+), with divalent magnesium (Mg2+) and calcium (Ca2+) also being present [15].
Besides chloride (Cl-), anions include carbonate (CO3-2), hydroxide (-OH), and others. Some basins
also have small amounts of heavy metals such as iron (Fe+2/+3). Some of these ions also affect
solution pH, which while generally near neutral, can vary. The pH has a strong effect on the wetting
of pores when salt concentration is low [12]. The effect of pH is explored further in Section 1.3. It
is the interactions between such ions and polymer that is of interest in this study.

Polymer Solution Rheology
Rheology, or the study of flow, is critical to answering many questions in the oil and gas
industry. As discussed above, the recovery of oil is dependent on the viscosity of the injected fluid
(see equations 1.2 and 1.3). Utilizing rheology can give not only a measure of viscosity of solutions,
but can also measure a wide range of other flow parameters such as modulus and strain and can be
used on materials such as pastes, gels, foams, and coatings. Rheology is a means to perform
mechanical testing on materials with a very low modulus, but rheological tests can also be used to
imitate a range of industrial processes, reaching a range of shear rates or strain rates. By relating
this relevant engineering information to physical constants through empirical and theoretical
equations and scaling laws, rheology allows for information about the internal structure of fluids
to be determined.
The two main classes of rheology, shear and extensional, are categorized by the method of
deformation. Shear flow occurs when the force is parallel to the surface of the fluid, extensional
flow occurs when the cross-sectional area of the flow changes; see Figure 1-4. Shear rheology is
more commonly studied, and unless indicated otherwise in this document, all values of viscosity
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and modulus refer to those occurring in shear. Common industrial mechanisms that may involve
shear are flow through pipes (Poiseuille flow) or flow between parallel plates such as gears
(Couette flow). Shear flow is typically measured by commercial torsional rheometers; common
measuring fixtures include parallel plates and concentric cylinders. Examples of extensional flow
include jetting, dripping, spraying, and flow through porous media. Measurement of extensional
viscosity can be made through a variety of methods including the stretching of a liquid (a method
known as capillary breakup extensional rheometry or CaBER) [17], [18], the forced jetting of a
liquid (Rayleigh Ohnesorge jetting extensional rheometry or ROJER) [19] or dropping of a liquid
onto a substrate (dripping-onto-substrate or DoS) [20]–[22]. The ratio between the extensional
viscosity and shear viscosity is called the Trouton ratio (Tr); for Newtonian fluids Tr = 3 however
for polymer solutions Tr can be as high as 104 [23].
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Figure 1-4 Schematics of shear and extensional flow. In (a), h is the height separating the two
plates, F is the force acting on the upper plate which moves at a velocity of v, A is the surface
area of fluid on the upper plate, and x is the distance the upper plate moves as shown. Schematics
not to scale; x is exaggerated
Polymer solutions are utilized in a variety of applications including the fabrication of coatings
[24], [25], films, and membranes [26], [27], in addition to ASP EOR. These materials often have
extremely low moduli and therefore their mechanics cannot be measured by traditional mechanical
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testing methods. The behavior of a polymer solution strongly depends on the concentration of the
polymer in the solution, specifically in regards to the overlap concentration, c*. At c* the pervaded
volume of a single polymer coil exactly touches the pervaded volume of another polymer coil [28],
as shown in Figure 1-5. At concentrations below c*, polymer solutions are called dilute; at
concentrations above c*, polymer solutions are called semidilute [28]. Experimentally, the overlap
concentration is the concentration at which the solution viscosity is twice the solvent viscosity [29].
The overlap concentration, in equation 1.4, can be estimated by first using scaling laws to calculate
the radius of gyration. See Table 1-I for various methods to calculate the radius of a linear polymer
coil.
𝑐∗ =

𝑀
4
𝜋𝑅 3 𝒩𝐴𝑣
3

(1.4)

In the above equation, c* is the overlap concentration, M is the molecular weight of the
polymer chain, R is the radius of the polymer coil, and NAv is Avogadro’s number. At very high
concentrations of polymer the polymer is in a melt state; this state will not be discussed here. There
exists another concentration above c* at which the polymers become entangled, ce (assuming the
polymer is above the entanglement molecular weight). This leads to three distinct concentration
regimes for polymer solutions: dilute, semidilute unentangled, and semidilute entangled. Each
regime has unique behavior [28].
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Rg

c = c*
Figure 1-5 Schematic of polymer coils in solution at the overlap concentration. Dashed lines
represent the pervaded volume of each coil
Table 1-I Selected methods of estimating polymer coil size [28]
Method
Ideal chain

Kuhn length and
Characteristic ratio

Flory model of thermal blobs

Scaling Law Equation
𝑛𝑙 2
2
𝑅𝑔 =
6

Notes
n is number of repeat units, l
is length of each repeat unit

〈𝑅 2 〉 = 𝐶∞ 𝑛𝑙 2 = 𝑁𝑏 2

R is the end-to-end distance
of the polymer (see note
below); N is the number of
Kuhn monomers, b is the
Kuhn length

𝑅𝑔𝑙 ≈ 𝜉𝑇 (

𝑛 𝑣
)
𝑔𝑇

ξT is the size of a thermal
blob, gT is the number of
repeat units in a thermal blob,
n is the total number of repeat
units in the polymer, and v is
a coefficient that depends on
the solvent (see below).

The end-to-end distance is not equivalent to the radius of gyration; for ideal chains the ratio
between the two is √6 [28]. The characteristic ratio (𝐶∞ ) and the Kuhn length are specific to a
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given polymer [28] and often are only applicable to the molecular weight range in which they are
measured. The characteristic ratio typically ranges from 1 – 15 and is also considered a measure
of the polymer chain flexibility [28]. However, this model does account for the realities of the
polymer chain such as self-avoidance that the ideal chain model does not account for. The thermal
blob model allows for the thermal interactions between the polymer and the solvent the be
accounted for. For a poor solvent, v typically is 1/3; for a theta solvent v = 1/2, and for a good
solvent, v = 3/5 [28]. This parameter accounts for the excluded volume interactions of the polymer.
In the dilute regime, the polymer chain typically obeys the Zimm model, which accounts for
hydrodynamic interactions [28]. In the Zimm model, the relaxation time, or the time it takes for
the polymer to diffuse the distance on the order of its size, is:
𝜏𝑍 ~ 𝑁 3𝑣

(1.5)

Where τZ is the Zimm time, N is the number of correlation blobs, and v <1. (Note the use
of ~ to indicate proportionality, not exact equality; other factors exist. For full details, see [28].)
In semidilute unentangled solutions, there exists another model, the Rouse model. The Rouse
model does not account for hydrodynamic interactions and is therefore also known as the freely
draining model. It models each correlation blob as a ball attached to another repeat unit by an
ideal spring of length b [28]. The Rouse time (relaxation time in the Rouse model) is:
𝜏𝑅 ~ 𝑁 2𝑣+1

(1.6)

Where τR is the Rouse time, N is the number of repeat units, and v <1. Note that for v<1, the
Zimm time will always be shorter than the Rouse time. That is, it takes a shorter amount of time
to move a polymer and its entrained fluid than to move a polymer made up of connected balls and
springs. For semidilute polymer solutions, both the Rouse and Zimm model are important. There
is some length scale, the hydrodynamic screening length, ξh, below which hydrodynamic
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interactions dominate. At distances less than ξh, the Zimm model is appropriate and the polymer
chain at these length scales will have a relaxation time of the Zimm time. At distances greater than
ξh, the Rouse model is appropriate. The hydrodynamic correlation length is on the same order of
magnitude as the correlation blob size ξh≈ξ.
In solutions containing entanglements, additional terms are necessary to describe the dynamics
of the system. The reptation theory says that entangled polymers are confined to a tube of a
diameter a; this tube is made by the entanglements surrounding the polymer chain. On length
scales less than a, the dynamics described in the paragraph above apply. On length scales greater
than a, the relaxation time is the time it takes for the polymer chain to move outside the tube via a
process called reptation. This reptation time depends on the concentration of the polymer in
solution, as well as the number of correlation blobs in the confining strands, Ne.
𝜏𝑟𝑒𝑝 ~

𝑁 3𝑣

(1.7)

𝑁𝑒

Where N, Ne, and v are described above, and τrep is the reptation time. The concentration
dependency of the reptation time depends on the solvent quality; in theta solvents it is exponential
to the 7/3.
In all cases, the polymer contribution to the solution viscosity is directly proportional to the
respective relaxation time times the polymer concentration to some power. The polymer
concentration dependency is summarized in Table 1-II. In dilute solutions, the relaxation time used
is the Zimm time and in semidilute entangled solutions the reptation time is used. In semidilute
unentangled solutions however, a total chain relaxation time must be determined that incorporates
both the Zimm and Rouse models.
𝜏𝑐ℎ𝑎𝑖𝑛 ~ 𝑁 2 𝑐 (2−3𝑣)/(3𝑣−1)

(1.8)
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Where N is the number of correlation blobs, c is the polymer concentration, and v is <1.
For neutral polymers, v < 2/3.
Table 1-II Concentration dependence of the polymer contribtion to solution viscosity

Dilute

Concentration
Dependence
c1

Semidilute Unentangled

cx

Semidilute Entangled

c14/3

Regime

Notes
x = 1/(3v-1); v<2/3 for
neutral polymers
For theta solvents only;
other dependencies for
other solvents

Typically polymer solutions display what is known as shear thinning behavior; that is, at
increasing shear rates, the viscosity decreases. The shear thinning can be especially pronounced in
semidilute solutions [30]; that is the shear viscosity can fall several orders of magnitude. In dilute
solutions, the shear thinning behavior is attributed to excluded volume or hydrodynamic
interactions [30] and may not be observed experimentally. In semidilute unentangled solutions,
shear thinning may be caused by increased friction between nearby polymer chains at low shear
rates. In semidilute entangled solutions, the shear thinning behavior is primarily caused by the
entanglements. At low shear rates, the polymer chains can diffuse in response to the shear stress
and maintain the entanglements. At high shear rates, the polymer chains may become disentangled,
reducing the effective coil size and therefore solution viscosity. In general, the size or conformation
that the polymer takes in solution is one of the primary determinants of the viscosity of polymer
solutions.
In extension, the conformation of the polymer is also important, however the deformation
mechanism is very different in extension than in shear, resulting in different rheological behavior
in extensional rheology than in shear rheology. For flexible, high molecular weight polymers,
solutions (both dilute and semidilute) exhibit strain hardening [31]–[33] (increased viscosity with
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increasing strain) above a critical strain rate. This is attributed to the difficulty that polymers have
in responding to extensional flows [31]. Polymer chains resist the extensional flow; the elastic
forces of the polymer chain oppose the capillary forces of the thinning [21]. In some cases, the
polymer chain may become so deformed during extension that its backbone is stretched and
aligned in the flow direction; this is known as finite extensibility [22]. Such stretching of the
polymer chain does not occur in shear. The difference in deformation mechanism between shear
and extensional rheology leads to differences in how the polymer in solution responds to the
deformation. This in turn leads to differences in the shear and extensional viscosity, resulting in
Trouton ratios ranging from 10 – 10,000 for polymer solutions [23], [33].

Polyelectrolyte Rheology
Polymers with ionized repeat units are called polyelectrolytes. Common polyelectrolytes
include sulfonated polystyrene (PSS) and polyacrylic acid (PAA). Polyelectrolytes without ionized
groups on every repeat unit, such as copolymers of PAA and PAM (HPAM), are also common and
are discussed below. The charges present on polyelectrolytes alter the scaling laws of
polyelectrolytes, which in turn lends polyelectrolytes unique behaviors among polymers. These
unique behaviors allow polyelectrolytes to be used in stimuli-responsive membranes [27],
additives for concrete [34], personal care products, and other applications, in addition to EOR.
For polyelectrolyte solutions, the concentration regimes discussed in Section 1.2 exist, but
the scaling laws must be modified to account for the charges along the polymer chain. In solution,
the Coulomb forces between the monomers play a role in the polymer conformation [35]. In
solutions without other ions and at low counterion concentration, polyelectrolytes also adopt a
random walk conformation; however the random walk is “extended” due to the charge repulsion
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[29], [35]. The chain is made up of ideal blobs; within each blob the chain follows an ideal random
walk, but the interactions between blobs are controlled by electrostatics [29], [35]. This leads to a
different scaling laws for polyelectrolytes than that for neutral polymers, for example, that for
polymer size in dilute solutions is R ~ N, rather than N1/2 for theta solvents of neutral polymers
[29].
In addition to changing of the coil size, electrostatics also impact the relaxation time of
polyelectrolytes, and therefore the viscosity of polyelectrolyte solutions. For semidilute
unentangled solutions, the relaxation time of polyelectrolyte solutions remarkably has a negative
exponential dependence on polymer concentration [29]. That is, as polymer concentration
increases, the relaxation time decreases [29], [35]. This is due to the behavior described in Equation
1.8; while for neutral polymers v is usually less than unity, for polyelectrolytes, v =1. This leads
to a concentration dependence of c-1/2. In turn, the dependency of polymer contribution to viscosity
is much less (to the ½ instead of squared). For entangled solutions, the reptation time scales linearly
with polymer concentration, while the polymer contribution to solution viscosity scales to the 3/2
[29]. In the semidilute regime, interchain interactions and long and short-range electrostatic
interactions impact the conformations and the rheological response of polymer solutions [29], [36],
[37]. Semidilute polyelectrolyte solutions often follow what is known as a power law behavior
[38], described in equation 1.5.
𝜂 = 𝑘𝛾̇ 𝑛−1

(1.9)

Where η is the apparent shear viscosity, k is a constant, 𝛾̇ is the shear rate, and n is the
power law index. The power law index for polyelectrolyte solutions is often n ≈ 0.6. This
relationship is derived not from scaling laws but rather is a general form that fits a wide variety of
empirical data.
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One outstanding problem in polyelectrolyte physics is that scaling theory predicts that the
viscosity of entangled polyelectrolyte solutions does not depend on the polymer molecular weight
but rather only on the number of overlapping chains. However, this is not what is shown
experimentally [29]. The larger coil size in polyelectrolytes make accessing the dilute regime
challenging experimentally [28]. These is just a few of the many challenges that polyelectrolyte
solution rheology faces experimentally. The above scaling laws apply only when no added salt is
present to screen the electrostatics of the polymer chain from each other. The effect of added salt
is one of the main focuses of this work and is discussed in Section 2.1.
In addition to changing the scaling laws, the charges on polyelectrolytes can also lend them
unique properties, such as stimuli-response. For example, neutral polymer gels swell in good
solvents. However, polyelectrolyte gels can form what are known as superabsorbent polymers,
absorbing up to 1000x their weight in water [34], [39]. These gels are also known to also de-swell
in solutions with added ions (salts) [34]. The valency of the salt impacts the elastic modulus of the
gel [40]. (Further discussion of gels can be found in Section 4.1.) Polyacrylic acid (PAA)
specifically can be made through facile controllable polymerization methods such as RAFT,
allowing its incorporation into block copolymers [27] or its grafting onto membranes [26]. PAA
brushes on water membranes have been found to add functionality. The pore size of ultrafiltration
membranes can be tuned by changing the pH of the surrounding solution. Increased pH charges
the polymer (see the paragraph below), causing electrostatic repulsion and for the polymer to fill
more of the pore. In another study, a membrane was made of a block copolymer, one block of
which was PAA. The PAA reaches into the pores. This study suggests that extension or contraction
of the PAA due to pH may be hysteretic [27].
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HPAM is a random copolymer, and an important characteristic is the percent hydrolysis (%
hydrolysis). The % hydrolysis is the percent of repeat units (mol %) that are acrylic acid or sodium
acrylate. It is assumed that, for the solutions studied here, that % hydrolysis is a measure of the
charge concentration along the backbone of the polymer. However, whether or not the repeat unit
is charged depends on the pH of the surrounding solution and the initial state of the polymer
(acrylic acid versus sodium acrylate). The pKa of polyacrylic acid is typically reported to be
between 4 and 5 [41]; therefore, if the solution pH is above 5, the acrylic acid moieties are
deprotonated. As sodium acrylate is the conjugate base of acrylic acid, its pKb is between 9 and
10. It is assumed here that all sodium (or hydrogen) ions are dissociated and therefore that HPAM
in solutions is a polyelectrolyte; albeit a weak one. In EOR applications, % hydrolysis of HPAM
typically ranges from 20 – 35%, meaning approximately one in three or one in four repeat units
bears a charge when the polymer is in solution.

Polyelectrolyte and Ion Interactions
While the scaling laws for polyelectrolytes in the dilute regime have been well-studied, the
dynamics of polyelectrolytes are currently an active area of research. As described in Section 1.1,
the viscosity of the injected polymer solution impacts the recovery of oil. As HPAM is the most
commonly used polymer for ASP EOR, the dynamics of polyelectrolyte solutions are of vital
importance to oil recovery. However, there are also other ions present in these polymer solutions,
whether that be from the water used to make the solutions, from the surfactants and alkali used in
the process, salts in the connate water in the reservoirs [16], or ions dissociating from the oil or the
reservoir itself. While the interactions between ions and polyelectrolytes are understood in some
cases, in many cases, especially for multivalent ions, the physics and its effect on the rheological
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response is not well understood. The salinity and of the connate water and the geology of oil
reservoirs varies widely geographically [6], [42]. Thus, the goal of this study is to contribute to the
scientific understanding of how polyelectrolytes interact with ions in solutions, which is motivated
by an industrial need for polymers that can be tailored to reservoir salinity.
This goal is accomplished in three parts. In the first part, the shear rheology of solutions of
commercial polymers for EOR are studied with a range of monovalent and divalent salt
concentrations. In the second part, the same polymer solutions are studied using extensional
rheology. The combination of these two techniques allows the mimicking of the entire flow profile
the solutions would experience during EOR and for conclusions to be drawn about the interactions
between the polyelectrolytes and divalent cations, notably that they may be acting as temporary
crosslinks that impart measurable changes in extensional viscosity. In the third part, model
polymers are chemically modified to varying degrees of hydrolysis and the effect of mono- and
divalent salt concentration on shear rheology again studied. Additionally, the formation and
structure of a unique physical gel is also investigated using gravimetric methods as well as small
angle x-ray scattering. This study indicates that the role that divalent cations play in polyelectrolyte
solutions strongly depends on polymer concentration, polymer molecular weight, charge
concentration on the polymer, and cation concentration. Taken together, these three studies allow
the nature of interactions between polyelectrolytes and salt ions in solutions used for enhanced oil
recovery to be probed.
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2. SHEAR RHEOLOGY OF POLYELECTROLYTE SOLUTIONS FOR
ENHANCED OIL RECOVERY: EFFECT OF SALT VALCENCY AND
CONCENTRATION

Portions of the following chapter contain text or figures adapted from A.V. Walter, L.N.
Jimemez, J. Dinic, V. Sharma, and K.A. Erk, “Effect of salt valency and concentration on shear
and extensional rheology of aqueous polyelectrolyte solutions for enhanced oil recovery,”
Accepted and soon to be published, Rheologica Acta, Springer Nature.
Introduction
As discussed in Chapter 1, the most effective type of chemical enhanced oil recovery (EOR)
uses aqueous solutions of alkali, surfactant, and polymer injected into the reservoir. The most
common polymer for this process is hydrolyzed polyacrylamide (HPAM), a polyelectrolyte. The
conformation and therefore behavior of polyelectrolytes in solutions is quite sensitive to the
valency and concentration of counterions. This makes prediction of the efficacy of HPAM use for
EOR in oil fields of varying salinity quite challenging [6], [42]. The Illinois basin, USA, has
relatively low overall salinity and therefore polymers formulated for higher salinity basins such as
Louisiana or Texas may not be effective.
As a polyanion, HPAM is known to interact with cations in solution; these interactions
depend on the valency and concentration of charge. Monovalent cations such as Na+ often act in
solution to screen charges on polyelectrolytes from one another, thus reducing the electrostatic
induced stretching and consequently also the radius of the polymer coils in solution [37]. This in
turn alters the overlap concentration of the solution, and also influences both the intrachain and
interchain interactions, which in turn decreases the overall solution viscosity. Additional salts
provide additional electrostatic screening and consequentially a further reduction in solution
viscosity.
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While the presence of monovalent salts generally decreases the polymer coil size and
therefore lowers solution viscosity, divalent charges can interact with polyelectrolytes in many
ways. The divalent cations can form specific ion pairs with the negative charges either along a
polymer backbone (intrachain pairs) [43] or between charges on different polymer chains
(interchain). See Figure 2-1 for schematics of inter- and intramolecular interactions. The divalent
cations can associate with the polyanion chains by undergoing “Manning condensation” in which
the cations are closely associated with the chain so as to keep the local charge density electrically
neutral [36]. These effects can cause the polymer chain to collapse into a tight coil or even a “pearl
necklace” conformation, consisting of collapsed chain segments connected together [36]. Many
studies have investigated the effect of sodium [44]–[47] or calcium [43], [46]–[49] cations on the
conformation and behavior of HPAM and other water-soluble polymers in aqueous solutions. The
literature however is inconclusive on the conformation of HPAM in the presence of aqueous
divalent calcium. It is generally observed that when calcium and sodium cations are both present
in solution with HPAM, the solution shear viscosity is lower than that with only sodium present
[43], [46], however the mechanism that causes the decrease is under debate. Some literature
suggests that calcium ions act as intermolecular interactions between polymer chains. Other studies
suggest intramolecular interactions [47], [50] or a transition between inter- and intra-molecular
interactions depending on polymer or ion concentration [48].
In this study, the nature of interactions between commercial HPAM and salt ions in
aqueous solutions is investigated via shear rheometry. Rheological response is exquisitely
sensitive to polymer conformations and degree of overlap, i.e., to the influence of both intrachain
and interchain interactions. In this study, type (valency) and concentration of salt in aqueous
solutions are varied as well as a range of polymer concentrations. The range of shear rates tested
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mimic the range of shear rates experienced during both the pumping of solutions and the shear
rates encountered in the oil reservoir. Though shear rheology of polyelectrolyte solutions
(especially in presence of monovalent counterions) has been the focus of many studies [29], [43]–
[45], [51], [52], this study examines a wide range of both monovalent and divalent salt
concentrations that are often overlooked by other studies.

2+

Ca

2+

Ca

a

b
Figure 2-1 Schematic of (a) intramolecular and (b) intermolecular interactions between
multivalent ions and polyelectrolytes
Materials and Methods

2.2.1 Materials
A commercial polymer made by SNF (Andrézieux, France), FLOPAAM 3330 s, was used
in this study without further purification. The reported molecular weight is 8 – 10 million g/mol
and the approximate degree of hydrolysis is 25 – 30% [53]–[55]. Solid sodium chloride, NaCl, and
anhydrous calcium chloride, CaCl2, were used as received to modify the salinity of solutions.
Solutions were prepared by mixing an appropriate amount of polymer and salt, followed by
overnight stirring using a magnetic stir bar, and sonication for 1 hour. For this study, solutions
contained 0.25 - 0.30 wt% of FLOPAAM 3330; typical solutions for EOR contain 0.1 – 0.3 wt%
of polymer. Using the equations in Table 1-I, equation 1.4, assuming a single molecular weight
and degree of hydrolysis and characteristic ratio of 11.3 [56], c* was calculated to range from
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0.557 wt% - 21.2 wt%. This range is almost certainly an overestimation of the overlap
concentration as it utilizes the characteristic ratio of PAM, not HPAM, and the scaling laws of
neutral polymers, not polyelectrolytes. The overlap concentration for polyelectrolytes being
commonly orders of magnitude lower than that of their neutral counterparts, it is assumed here that
at least 0.3 wt% is in or near the semidilute regime.
The concentration of NaCl ranged from 3.7 x 10-4 M – 1.5 M and the concentration of
CaCl2 ranged from 0.0386 M – 1 M. These salts were chosen because in the Illinois basin, USA,
the most prevalent monovalent cation is Na+ and the most prevalent divalent cation is Ca2+,
whereas chloride (Cl-) is the most common anion [57], [58]. These salt concentration ranges were
chosen to approximate the range of monovalent and divalent ion concentrations found in oil
reservoirs [16], [59], [60], as well as one order of magnitude above and below those levels. Specific
values within the range were chosen to mimic the concentration of Na+, Ca2+, all monovalent
cations, and all divalent cations in the Illinois basin.
2.2.2 Methods
The Anton Paar MCR 702 was used in single drive mode for all shear rheometry
experiments. All shear rheometry measurements were performed with the double gap fixture with
a diameter of 26.7 mm (DG26.7) at a constant temperature of 25 °C, maintained by a Peltier heating
system with water as the heat transfer fluid.
The shear rheology experiments were carried out on a torsional rheometer using the
experimental protocol outlined in Figure 2-1. A constant shear rate of 1 s-1 was applied for 10
minutes, with measurements being recorded every 6 s for a total of 100 measurements. The shear
rate was then ramped logarithmically from 1 s-1 to 10 s-1 with 5 points per decade and 30 s allowed
per point. A shear rate of 10 s-1 was then applied and maintained for 10 minutes, again with
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measurements taken every 6 s. This process was repeated for 100 s-1 and 500 s-1. After the
measurement at a constant 500 s-1, the shear rate again ramped from 500 s-1 to 1 s-1. The focus of
the measurements was assessment of steady shear viscosity values at the shear rates experienced
by solutions during EOR applications. Solutions in EOR applications typically experience high
shear rates (500 s-1 or more) during pumping, but lower shear rates (1 s-1 or less) in transit and in
the oil reservoir. This procedure was repeated with 5 aliquots of the same solution.
Viscosity measurements reported here are the average of the measurements that were taken
from the last 200 s during constant shear. The outlined procedure ensures that the viscosity values
reported here are extracted from the steady shear, and in experiments reported here, the last 200 s
of data is generally stable, as seen in Figure 2-2b. The measurements conducted by ramping the
shear rate up were compared to measurements made using the ramp down method to assess the
presence of hysteresis.

Figure 2-2 (a) Shear rate applied during most shear rheometry tests, called the step up profile.
For each sample, this procedure was repeated for a total of 5 times, using a new aliquot each
time. (b) An example of applied shear rate (solid line) and measured viscosity (points) during
one plateau. Viscosity data shown is from a solution of 0.3 wt% of 3330 in water with no salt
The shear profile used was developed so as to mimic the shear profile experienced by
solutions during EOR while also reducing the effect of hysteresis. To determine whether or not the
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applied shear profile truly measured equilibrium values, steady shear experiments were also
carried out on select samples.
During steady shear experiments, a steady shear rate was initially applied for 10 minutes
with viscosity measurements taken every 6 s for 100 points. A shear ramp was then applied from
1 s-1 to 500 s-1 with 5 measurements taken per decade and 30 s allowed for each measurement.
Another steady shear rate was then applied for 10 minutes. This was performed for steady shear
rates of 1, 10, and 100 s-1 and an example of the applied shear rate is shown in Figure 2-3a. In
addition to these steady shears, an experiment was performed using a similar method to that
outlined in above and in Figure 2-2a but starting at 500 s-1 and gradually decreasing to 1 s-1; this
shear profile is shown in Figure 2-3b and is referred to as the step down method.

Figure 2-3 Shear profiles used to test the effect of hysteresis. (a) A representative profile used in
a steady shear test. The steady shear may be 1, 10, or 100 s-1 (b) The shear profile applied during
the step down test
Results
Typical results comparing the shear ramps and steady shear measurements are shown in
Figure 2-4. For polyelectrolyte solutions without salt, the shear rate ramps and steady shear data
are similar and show a rate-dependent response. However, upon the addition of salt, higher

25
apparent viscosity was observed for the ramp up tests at relatively low (< 10 s-1) shear rates, and
this was also accompanied by increased standard deviations at these low shear rates, which is also
seen in Figures 2-8 through 2-10. Such hysteresis and relatively mild shear thinning response
(power law index < 0.3) may imply that HPAM forms aggregates in aqueous solution, and the
number of aggregates as well as their strength changes with concentration of added salt as well as
the type of salt chosen [37], [61]. The aggregates can form not only due to salt added to the
solutions but also due to residual salt that could be present in the as-received polymer. The
presence of a rate-independent plateau at higher shear rates for higher amounts of salt corresponds
to loss of such aggregates. This phenomenon is commonly observed in solutions used for EOR
[61] and in aqueous polyacrylamide solutions, although aggregates may not form in all
polyacrylamide solutions [62], [63].

Figure 2-4 Comparison of steady shear data to shear ramps for polyelectrolyte solutions. Data
shown from solutions of 0.3 wt% of 3330 in water (squares), 0.435 M NaCl (circles), and 0.435
M CaCl2 (triangles). All steady shear data (filled points) represent ensemble averages; error bars
represent one standard deviation. Note that ramp down data (open points) are from a
representative single aliquot

26
A comparison of the step up method (used throughout the rest of this chapter) and the
step down method is shown in Figure 2-5a; a comparison to the steady shear values for a solution
of 0.3 wt% 3330 in water are shown in Figure 2-5b. All values from the step down method and
from the individual steady shear tests were found to be within two standard deviations from the
mean calculated using the step up method. Therefore, it is assumed that the step up method used
in this study yields the same data as individual shear rates.

Figure 2-5 Effect of shear method for polyelectrolyte solutions without salt. All data shown is
from solutions with 0.3 wt% of 3330 in water. (a) Comparison of the shear method used in this
chapter and the reverse method described in Figure 2-2b. (b) Comparison of the shear method
used in this chapter and the individual steady shear tests. Note that the value for 500 s-1 is taken
from the reverse method. Error bars are present on all data points; the standard deviation is very
small for the steady shear values
The values from the initial steady shears were also compared to the steady shear values
measured after the shear ramp with the results shown in Figure 2-6. Note that there is no
observable difference between the pre-ramp and post-ramp data. Therefore, it was assumed that
in this case, this analysis method does not display effects of shear history.
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Figure 2-6 Comparison of steady shear values measured before and after a shear rate ramp is
applied. Data is shown for a solution containing 0.3 wt% of 3330 in water. Note that the standard
deviation is very small and error bars are present on every data point
As it is demonstrated in this study that the addition of salt alters solution shear behavior,
these experiments were repeated on solutions with 0.3 wt% of 3330 and 0.0386 M CaCl2. The
results from these experiments are shown in Figure 2-7. The data shown in Figure 2-7 from the
individual steady shear experiments are within two standard deviation of the mean of the method
at 1 s-1, 10 s-1, and 500 s-1. Despite the hysteresis present in salt solutions described in this study,
this method still gave accurate results for solutions containing salts. It appears that low shear
rates do not impart any substantial changes on solution behavior at subsequent high shear rates
experienced during the shear method used in this chapter.
Indeed, all the aqueous polyelectrolyte solutions investigated showed a concentrationdependent increase in steady shear viscosity, as shown in Figure 2-8. Of note is the magnitude of
the results. An empirical relation is that the overlap concentration is the concentration of polymer
where the shear viscosity of the solution is twice that of the pure solvent [29].
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Figure 2-7 Effect of shear method for polyelectrolyte solutions with divalent salt. All data shown
is from solutions with 0.3 wt% of 3330 in 0.0386 M CaCl2. (a) Comparison of the step up
method and the individual steady shear tests described in Figure 2-2a. Note that the value for 500
s-1 is taken from the reverse method described in Figure 2-2b. (b) Comparison of steady shear
values measured before and after a shear rate ramp is applied. Error bars are present on all data
points; the standard deviation is very small for many of the steady shear values

Figure 2-8 Effect of polymer concentration on the shear viscosity of aqueous polyelectrolyte
solutions. All data is from aqueous solutions of 0.3 wt% (squares), 0.1 wt% (circles), and 0.025
wt% (triangles) of 3330 with no salt. All steady shear data (filled points) represent ensemble
averages; error bars represent one standard deviation. Note that ramp down data (open points)
are from a representative single aliquot
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All solutions show viscosities above that of water (1 mPa·s) and for solutions containing
0.1 and 0.3 wt% of polymer, the shear viscosity is more than double that of the solvent viscosity
at all shear rates investigated. Therefore the previous assumption that solutions containing 0.3 wt%
of polymer are in the semidilute regime is supported experimentally. The Rouse time was
estimated to be 1.23 s; this is exceedingly long even for neutral polymers and this estimation does
not account for the polyelectrolyte nature of HPAM. The aqueous HPAM solutions display an
apparent shear thinning behavior for the range of shear rates investigated, and the magnitude of
the apparent shear viscosity agrees with the measurements reported elsewhere [10], [38], [43]–
[45], [55], [64]. For the lowest concentration included in Figure 2-8, a rate-independent response
is measured at higher shear rates (>100 s-1), which is again correlated with the disruption of
aggregates at higher deformation rates.
Upon the addition of monovalent salt to polymer solutions, the magnitude of steady shear
viscosity decreases at the shear rates investigated as shown in Figure 2-9. The steady shear
viscosity shows a pronounced shear thinning response for low salt concentrations (cs < 0.435 M
NaCl) in the shear rate range shown in Figure 2-9. However, at cs > 0.435 M NaCl, the solutions
show rate-independent viscosity at higher shear rates (≥ 100 s-1), while at lower shear rates (≤ 10
s-1) the solutions exhibit a shear thinning response. Note that a concentration of 9.67 x 10-3 M NaCl
would result in approximately a 1:1 ratio of added Na+ ions to negatively charged repeat units on
the polymer. The salt concentration at which the solution behavior qualitatively changes is orders
of magnitude higher than this concentration.
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Figure 2-9 Effect of monovalent salt concentration on shear viscosity of aqueous polyelectrolyte
solutions. (a) Data is from solutions containing 0.3 wt% of 3330 and 3.7 x 10-4 (light) to 1.5 M
NaCl (dark). (b) Shows the data from (a) at 500 s-1 as a function of monovalent salt
concentration. All points represent ensemble averages; error bars represent one standard
deviation
Figure 2-9b also shows a comparison of the shear viscosity values obtained at a nominally
high shear rate of 500 s-1; the comparison illustrates the apparent non-monotonic concentrationdependent shear viscosity values for polyelectrolyte solutions at shear rates solutions may
encounter in EOR applications. The high shear rate viscosity values decrease with added salt up
to concentration of approximately 0.5 M NaCl, beyond which the values increase again.
The effect of divalent cations on the steady shear viscosity behavior as a function of shear
rate is shown in Figure 2-10a, and the absolute value of shear viscosity (again at 500 s-1) is
compared to that with monovalent salt in Figure 2-10b. The presence of CaCl2 led to a significant
decrease in the rate-dependent viscosity in comparison to both salt-free solutions and the solutions
with NaCl at the same ionic strength. This can be attributed to more effective screening caused by
the higher charge of calcium ions, leading to a smaller polymer coil size and lower viscosity.
Additionally, calcium may cause intra-chain association, which would further decrease the coil
size and viscosity.
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Figure 2-10 Effect of divalent salt concentration on shear viscosity of FLOPAAM solutions. (a)
Data are from solutions containing 0.3 wt% of 3330 and 3.7 x 10-3 (light) to 1 M CaCl2 (dark).
(b) Comparison of shear viscosity as a function of concentration of NaCl (filled squares) and
CaCl2 (open circles). All points represent ensemble averages; error bars are one standard
deviation
The steady shear viscosity behavior shows a rate-independent behavior at high shear rates
even though shear thinning response is observed at low shear rate values for solutions with a CaCl2
concentration above 0.0694 M. Note that at a CaCl2 concentration of 4.88 x 10-3 M (assuming 0.3
wt% polymer and 25% hydrolysis), there would be approximately two negative charges from the
polymer for every calcium ion in solution (for a 1:1 ratio, 9.76 x 10-3 M CaCl2 is required, as with
NaCl) . As with NaCl, the transition in behavior occurs at salt concentrations orders of magnitude
higher than this equivalent salt concentration. Of interest is that the salt concentration at which this
transition occurs is higher for NaCl than for CaCl2 (0.435 M vs 0.0694 M, respectively). While
other studies reported precipitation upon the addition of divalent salts [42], [43], this was not
observed for solutions studied here, even after days without agitation. However, an increase in
apparent viscosity at the highest divalent salt concentrations is observed. For both NaCl and CaCl2,
shear viscosity values measured at nominal high shear rate of 500 s-1 showed non-monotonic
dependence on the ionic strength of the solutions, as shown in Figure 2-10b.
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Discussion
The weak power law response (n < 0.3) displayed by polyelectrolyte solutions in steady
shear viscosity as a function of shear rate suggests the presence of aggregates. Though shear
thinning response arises for high molecular weight polymer and polyelectrolyte solutions typically
the power law index is higher (n > 0.6). The onset of shear thinning can be used for defining a
shear relaxation time [29], [51], [65], [66], and for semi-dilute polyelectrolyte solutions the shear
relaxation time decreases with concentration. The critical shear rate at the onset of shear thinning
regime can increase with concentration. Based on the extensional relaxation time data that shows
typical values around 1 ms (see Chapter 3), the onset of the shear thinning regime is not observed
for these solutions.
The change in solution behavior on the addition of NaCl, shown in Figure 2-4, shows trends
expected for aqueous polyelectrolyte solutions. Apparent shear viscosity is reduced from that in
water without salt and shear thinning behavior is maintained, although at high salt concentrations,
a Newtonian plateau is observed at high shear rates (> 100 s-1). The negative charges on the HPAM
chains repel each other, causing the polymers to adopt an extended conformation. The increase in
the concentration of ions due to the dissolved salt leads to progressive screening of charge on the
polyelectrolyte. This lowers the repulsion between the charges, lowering the hydrodynamic
volume of each polyelectrolyte chain, thus decreasing their coil size and degree of overlap and
consequently decreasing the viscosity of the solution, consistent with what is observed here.
In this work, at very high salt concentrations, viscosity increases with added monovalent salt
(see Figure 2-9b). It has been found that other polyelectrolytes also show non-monotonic viscosity
with monovalent salt concentration [42], [67], [68]. Many mechanisms have been suggested for
this increase in solution viscosity at high salt concentrations; perhaps the simplest is a change in
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the solvent or continuous phase viscosity at high salt concentrations [42]. For both NaCl and CaCl2,
another possible mechanism is that the screening of the negative charges becomes so strong that it
brings polymer coils closer to one another [67]. This closer contact allows different polymer chains
to form hydrogen bonds between each other; as the solution is sheared, these hydrogen bonds
would increase the opposition of the polymer chains from pulling apart, resulting in an increase in
viscosity [67].
As shown in Figure 2-10, the behavior of the solutions in the presence of calcium is also
non-monotonic. The mechanisms described in the above paragraph may also cause this
phenomenon. Another potential mechanism in the case of CaCl2, is due to the change in counterion
size at high salt concentrations [68]. To keep the local charge electrically neutral, there are
counterions associated to the polyelectrolyte chain. The original counterions, based on the
information provided by the manufacturer [54], are most likely Na+. In solutions with high
concentrations of CaCl2, these Na+ counterions may be replaced by Ca2+. These calcium ions have
a larger radius in aqueous solution than sodium ions [68]. In entangled polymer solutions, this
larger counterion size may force the expansion of the polymer chain, constricted by entanglements
[68]. This expansion would in turn cause an increase in viscosity.
Another important consideration is the possibility of the calcium ions forming ionic bridges
between two negative charges on the polyelectrolyte chain [69]. These divalent ions may act as
transient crosslinks between charges on two different polyelectrolyte chains (intermolecular
complexation) or within the same chain (intramolecular complexation). Whether the calcium ions
complex intermolecularly or intramolecular may depend on the molecular weight and percent
hydrolysis of the HPAM as well as the concentration of calcium in solution [36], [46], [48], [70],
[71]. The non-monotonic behavior may be due to a transition between intramolecular bridges at
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low calcium concentration and intermolecular bridges at high calcium concentration. Additionally,
the chloride ions also contribute to screening. Since calcium chloride has twice as much chloride
on a molar basis than sodium chloride, the screening effect of the chlorides alone is much greater
for solutions with CaCl2 than NaCl. This higher amount of screening would promote closer
polymer-polymer interactions, which may also lead to increased viscosity at high added salt
concentration (as described above).

Conclusions
It has been shown that aqueous solutions of high molecular weight HPAM, both with and
without salt, are generally shear thinning with a low power law index (n <0.3). While monovalent
and divalent salts both decreased the shear viscosities non-monotonically of solutions from those
without added salts, the effect of the concentration of salt differs. Initially for both monovalent and
divalent salts, the shear viscosity decreases with increasing salt concentration due to increased
screening of polyelectrolyte charges from one another; for monovalent this was consistent with
previously reported data. Further increase in salt concentration (monovalent or divalent) leads to
slight increases in shear viscosity at high shear rates. There are multiple mechanisms by which this
increase may occur, but most of them rely on increased interactions between polymer chains, due
either to hydrogen bonds or, in the case of calcium solutions, ionic bridges.
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3. EXTENSIONAL RHEOLOGY OF POLYELECTROLYTE SOLUTIONS
FOR ENHANCED OIL RECOVERY: EFFECT OF SALT VALENCY
AND CONCENTRATION

Portions of the following chapter contain text or figures adapted from A.V. Walter, L.N.
Jimemez, J. Dinic, V. Sharma, and K.A. Erk, “Effect of salt valency and concentration on shear
and extensional rheology of aqueous polyelectrolyte solutions for enhanced oil recovery,”
Accepted and soon to be published, Rheologica Acta, Springer Nature.
Introduction
As discussed in Chapters 1 and 2, the viscosity of polyelectrolyte solutions impacts the
efficacy of enhanced oil recovery (EOR). Other salts in solution can alter or reduce this efficacy
by interacting with the charges on the polyelectrolyte, which in turn alters the solution viscosity.
During EOR, solutions experience both shear and extensional forces. For example, during the
pumping of solutions into the basin, shear forces may dominate, while in the porous media of an
oil reservoir, polymer solutions experience a combination of shear flow and extensional flow (see
Figure 1-4). Flow of solutions through porous media such as oil reservoirs or other soil and
permeable rock formations can be modeled by Darcy’s law:
𝑄=

−𝜅𝐴 Δ𝑃
𝜂

(3.1)

𝐿

Where Q is the volumetric flow rate, κ is the permeability of the medium, A is the crosssectional area of the medium, η is the solution viscosity, ΔP is the difference in pressure from the
inlet to the outlet, and L is the distance from the inlet to the outlet. Typically the shear viscosity is
used, however this is merely an approximation. Extensional rheological experiments are needed
to accurately model flow through porous media.
Though shear rheology of polyelectrolyte solutions (especially in presence of monovalent
counterions) has been the focus of many studies [29], [43]–[45], [51], [52], there are only a few
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reported measurements of the extensional rheology response [52], [72]–[74]. During extensional
flows, such as when solutions are moving through a pore throat (see Figure 1-2), flexible polymers
can align in the direction of flow, creating transient polymer networks, increasing the apparent
viscosity. This is what contributes to the difference between shear and extensional viscosity (Tr
>>1). Of the studies on polyelectrolytes in extension, some study the effect of monovalent ions
[72]–[74], and fewer investigate the effect of multivalent ions [73]. Therefore, careful
measurement of the extensional viscosity of polyelectrolyte solutions in the presence of
monovalent and divalent salts is critical for predicting the efficacy of polymers for EOR.
As discussed in Section 1.2, there are many extensional rheological methods. While CaBER
is common, it is limited to measuring extensional relaxation times of 50 ms [75]. In this study, the
extensional rheology response of polyelectrolyte solutions using dripping-onto-substrate
extensional (DoS) rheology technique [20]–[22], [74] is characterized. DoS rheometry relies on
quantifying both extensional viscosity and extensional relaxation time by the analysis of capillarydriven thinning and pinch-off dynamics of an unstable fluid neck formed by dripping a finite
volume of fluid from a nozzle onto a substrate. DoS rheometry is capable of measuring extensional
relaxation times below 1 ms [20]. Therefore, combined with shear rheometry, DoS rheometry
allows us to model the complete rheological profile of polyelectrolyte solutions for EOR while
investigating the effect of counterion type and concentration on rheological behavior.

Materials and Methods
3.2.1 Materials
Commercial polymers made by SNF (Andrézieux, France) in their FLOPAAM series were
used in this study without further purification. The reported molecular weight and approximate
degree of hydrolysis for three commercial polymers used are shown in Table 3-I [53]–[55]. Solid
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sodium chloride, NaCl, and anhydrous calcium chloride, CaCl2, were used as received to modify
the salinity of solutions.
Table 3-I Physical properties of FLOPAAM samples used in this study
FLOPAAM species
3330 s
3230 s
3130 s

Reported Molecular Weight
8 – 10 million g/mol
4 – 6 million g/ mol
1 – 2 million g/ mol

Approximate % hydrolysis
25-30
25-30
25-30

Solutions were prepared by mixing an appropriate amount of polymer and salt, followed
by overnight stirring using a magnetic stir bar, and sonication for 1 hour. Solutions below 0.3 wt%
polymer concentration were prepared by serial dilution. Solutions that were used for extensional
rheometry span a wide range of concentrations so that the semidilute and dilute regimes of polymer
solutions may be accessed. Solutions of FLOPAAM 3130, 3230, and 3330 were used at 0.005,
0.025, 0.05, 0.1, and 0.3 wt% of polymer. Salt concentrations were either 0.0386 M or 1 M for
each salt, chosen to model reservoirs with relatively high and low salinity.
3.2.2 Dripping-onto-substrate
Extensional viscosity and extensional relaxation time were measured using the drippingonto-substrate (DoS) rheometry [20]–[22] set-up shown schematically in Figure 3-1. The DoS
system was developed by the Sharma group at the University of Illinois at Chicago and these
experiments were performed in collaboration with the Sharma group using their DoS setup,
specifically with graduate students Leidy N. Jimenez and Jelena Dinic and of course under the
supervision and guidance of Professor Vivek Sharma. In the DoS system, a finite volume of
polyelectrolyte solution is released from the nozzle onto a substrate using a syringe pump at a
relatively low set flow rate of Q = 0.02 ml/min (kept constant in all experiments). The distance
between the nozzle and substrate H is kept constant, and experiments described here were carried
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out for an aspect ratio H/R0 = 3. The stretched capillary bridge formed between the nozzle and the
sessile drop is visualized using the imaging system that consists of a light source with a diffuser
and a high-speed camera (Fastcam SA3) with a train of lenses (Nikkor 3.1x zoom (18-25 mm) lens,
plus a macro lens) attached for obtaining images with high magnification. The radius evolution of
the thinning neck is tracked and analyzed with a specially written code in ImageJ and MATLAB
to extract radius evolution datasets. For viscoelastic polymer solutions, the neck radius evolution
data can be fit to obtain extensional relaxation time and extensional viscosity. At least four
measurements were carried out for each composition of the polyelectrolyte solutions.

Figure 3-1 Schematic for Dripping-onto-Substrate (DoS) Rheometry technique (adapted from
Dinic et al (J. Polym. Sci Polym. Phys). The dispensing system comprises of a syringe pump
connected to a nozzle. A finite volume of a fluid is pumped through a nozzle on to a substrate.
An imaging system consisting of a high-speed camera with attached magnification lenses, a light
source, diffuser and computer is used for capturing the neck shape and neck shape evolution
The interplay of capillary, inertial, viscous, and elastic stresses determine the shape and
shape evolution of the fluid neck created in dripping-onto-substrate set-up as well as for necks
formed by stretching liquid bridges or during dripping or jetting [19], [76]. The characteristic
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behavior in DoS observed for Newtonian fluids (inviscid as well as viscous), power law fluids,
and viscoelastic fluids are detailed elsewhere [22], [76]. The inviscid Newtonian fluid response
that is exhibited by low viscosity fluids, including water, which is used as the solvent in this study,
is associated with formation of a conical neck. The thinning dynamics of inviscid fluids are
described as an intertio-capillary response with a characteristic radius evolution 𝑅 ∝ (𝑡𝑝 − 𝑡)2/3.
In contrast, the viscocapillary response shows a linear decrease in radius 𝑅 ∝ (𝑡𝑝 − 𝑡) and is
exhibited by the high viscosity Newtonian fluids. Radius evolution follows viscocapillary behavior
for Newtonian fluids if the dimensionless viscosity, as characterized by Ohnesorge number, 𝑂ℎ =
𝜂/(𝜌𝜎𝑅0 )1/2 , is higher than unity (Oh > 1). Addition of polymers dramatically changes the neck
radius evolution, often leading to the emergence of the elastocapillary thinning dynamics that can
be described using the following expression based on a theory developed by Entov and Hinch [77]:
1

𝑅(𝑡)
𝑅0

≈

𝐺𝐸 𝑅0 3
−𝑡
( 2𝜎
) exp [3𝜆 ]
𝐸

(3.2)

Here GE is an apparent extensional modulus, σ is the surface tension of the solution with
air, and λE represents the extensional relaxation time. The extensional strain rate, 𝜀̇ =
−2𝑅̇ (𝑡)/𝑅(𝑡) attains a nearly constant value during the elastocapillary regime, but the extensional
strain progressively increases. In some cases, the radius evolution shows a third regime called the
finite extensibility regime. The radius evolution in finite extensibility regime shows a
viscocapillary thinning response; however, the apparent viscosity is much higher than solution or
solvent shear viscosity.
For the data analysis presented here, the surface tension of all solutions with air is assumed
to be 62 mN/m. This is what is used by the Sharma group. Results if the surface tension is assumed
to be that of the salt solution with no polymer [78] are also calculated. The extensional viscosity
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ηE value is extracted from the ratio of capillary stress 𝜎/𝑅(𝑡) and the extensional strain rate ε̇ =
−2Ṙ(t)/R(t), which are both determined from the radius evolution data. Following the procedure
outlined by Anna and McKinley and others [18], [79], the elastocapillary and finite extensibility
(when present) regimes were both fit using the following empirical equation:
𝑅(𝑡)
𝑅0

= 𝐴𝑒 −𝐵𝑡 − 𝐶𝑡 + 𝐷

(3.3)

Here, A is related to the pre-factor in equation 3.2, 𝐵 = 1/(3𝜆𝐸 ) is inversely proportional
to the longest extensional relaxation time, and C correlates with the steady, terminal extensional
viscosity values measured in the finite extensibility regime.

Results
DoS rheometry relies on visualization and analysis of neck thinning dynamics, and the
sequence of images included Figure 3-2a-d show the typical neck shapes observed for the HPAM
solutions (in water with no added salt) studied here. The neck shape was approximately
symmetrical vertically and in the finite extensibility regime shows a sharp angle between the neck
and the drop. The radius evolution data is plotted in Figure 3-2e and shows three distinct regimes:
a sharp transition point separates the inertio-capillary regime from the elastocapillary regime. On
a semi-log plot the radius evolution in elastocapillary regime appears linear, and an additional last
regime known as the finite extensibility regime can be observed in several cases.
The effect of polymer molecular weight and concentration on the extensional relaxation
time extracted from the elastocapillary regime in radius evolution data shown in Figure 3-3.
Increase in polymer concentration leads to longer relaxation times for the three polymer molecular
weights considered, and the extensional relaxation time increases with molecular weight. The
extensional relaxation times measured here are 1-30 ms, and as these values are quite short, such
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measurements are not possible on CaBER, the commercially-available extensional rheometer that
requires more than 50 ms to set-up the liquid bridge [20], [75].

Figure 3-2 Radius evolution over time for aqueous polyelectrolyte solutions obtained using DoS
Rheometry. Image sequences (a) – (c) 25 ms apart show slender, cylindrical neck shapes for
solutions of 0.025%, 0.05% and 0.1 wt% of 3330 in water with no salt, respectively, and the
image sequence in (d) has time step of 50 ms for a solution of 0.3 wt% of 3330 in water. (e)
Corresponding radius evolution plots show that concentration dependent variation in both shape
of the curves and pinch-off time. As the solution viscosity is relatively high, the data shows an
initial visco-capillary region (VC), followed by an elastocapillary region (EC) and before pinchoff, the finite extensibility (FE) regime can be observed. Dashed curves represent the best fit of
equations 3.2 (marked EC) and 3.3 (marked FE)
The concentration-dependent increase in extensional viscosity for polyelectrolyte solutions
can be observed in Figure 3-4. Note that at the lowest polymer concentration for 3130, the
elastocapillary regime did not contain enough points to fit a line of best fit, therefore no extensional
relaxation time is reported.
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Figure 3-3 Extensional relaxation time as a function of polymer concentration for solutions of
FLOPAAM with three different molecular weights water with no salt. Data are extracted from
radius evolution data and represent averages; error bars represent one standard deviation. The
extensional relaxation time increases with both concentration and molecular weight
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Figure 3-4 Extensional viscosity of polyelectrolyte solutions as a function of Hencky strain.
Solutions show strain hardening with increasing polymer concentration. Solutions with higher
polymer concentrations have higher extensional viscosities. All data shown is from solutions of
3330 in water with no salt. Curves are from one drop of each solution
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The elastocapillary regime provides a measurement of the transient extensional viscosity
as a function of Hencky strain, whereas the finite extensibility region provides a measure of rateindependent, strain-independent steady, terminal extensional viscosity. All polyelectrolyte
solutions studied here display strain-hardening, i.e., increasing viscosity with increasing
extensional strain. The extensional viscosity was found to be several orders of magnitude higher
than the shear viscosity (Tr = 10 -1000) and increases both with increase in polymer molecular
weight and concentration.
The presence of either monovalent or divalent salt results in a decrease in both extensional
relaxation time and transient extensional viscosity as shown in Figure 3-5, and the polyelectrolyte
solutions with salt were also strain hardening like their counterparts without salt. Consistent with
shear rheometry results, solutions containing higher concentrations of NaCl (1 M) have a lower
transient extensional viscosity than solutions with a lower concentration of NaCl (0.0386 M).
Further, the solutions containing 1 M of CaCl2 have longer relaxation times than solutions
containing 1 M of NaCl. Of special note are the extremely long strains to which the solution with
1 M CaCl2 persists in the elasto-capillary regime. The polyelectrolyte solutions in presence of salt
are also strain hardening, quite like the salt-free solutions; however, the terminal extensional
viscosity values are lower. The data show that an increase in polymer concentration for a fixed
concentration of salt leads to an increase in both extensional relaxation time and extensional
viscosity. The presence of monovalent salt ions in the solution decreases the extent of electrostatic
stretching, decreasing extensional viscosity.
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Figure 3-5 Effect of salt and polymer concentration on extensional relaxation time and viscosity.
All data shown is from solutions of 3330. Some data not shown because solutions did not display
elasto-capillary behavior. Points in (a) are averages of data from multiple drops; curves in (b) are
data from a single representative drop
While the extensional relaxation time does not depend on the surface tension between the
fluid and air, the extensional viscosity does. It is known that the presence of salt can alter the
surface tension of aqueous solutions. Taking the salinity of these solutions into account, surface
tension values were calculated using a model developed by Dutcher et al. and are shown in Table
3-II. Note that the values shown in Table 3-II do not account for the polymer in the solution. The
use of either 62 mN/m or the values listed in Table 3-II does not alter the trends or the order of
magnitude of the extensional rheology results in this study. This holds for solutions with and
without salt, as can be observed in Figure 3-6 and Figure 3-7, respectively.
Table 3-II Calculated Surface Tension Values
Salt species

Salt concentration (M)

Model surface tension (mN/m)

none
NaCl
NaCl
CaCl2
CaCl2

1M
0.0386 M
1M
0.0386 M

71.999
73.61
72.06
75.87
72.15
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Figure 3-6 Changing values of surface tension does not impact extensional viscosity trends for
solutions without salt. Data shown is from solutions of 3330 in water with no salt. (a)
Extensional viscosity calculated using 62 mN/m (b) Extensional viscosity calculated using
values noted in Table 3-II (approx. 72 mN/m). Note that (b) only shows the EC regime while (a)
shows EC and FE regimes

Figure 3-7 Changing values of surface tension does not impact extensional viscosity trends for
solutions with salt. Data shown is from solutions with 0.3 wt% of 3330. (a) Extensional viscosity
calculated using 62 mN/m (b) Extensional viscosity calculated using values noted in Table 3-II.
Note that (b) only shows the EC regime while (a) shows EC and FE regimes
Discussion
The increase in the value of extensional relaxation times with increase in polymer
concentration in salt-free solutions, shown in Figure 3-3, is consistent with the shear data reported
here and with similar extensional data reported recently by Jimenez et al. [74] for polyelectrolyte
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solutions made with both poly(acrylic acid) and sodium poly(styrene sulfonate). It is assumed that
these polymer solutions span all three concentration regimes (dilute, semidilute unentangled, and
semidilute entangled). However, the extensional relaxation time increases with increasing polymer
concentration. While this is expected for neutral polymers, this is counter to theory for
polyelectrolyte solutions (as discussed in Section 1.3). This is however consistent with other
recently reported polyelectrolyte data [74]. The transient extensional viscosity plots as function of
extensional strain show pronounced strain-hardening. It is well established that polymer coils are
only weakly perturbed in shear flow whereas stretching and orientation in response to high
extensional rate can lead to coil-stretch transition and even full unraveling of chains in the finite
extensibility limit. The extensional rates generated with the thinning necks are relatively high
(>103 s-1) allowing the finite extensibility limit to be observed in many solutions. This is also
consistent with other polymer solution data [20].
In the semidilute regime, the shear relaxation time decreases with increasing concentration
for unentangled polyelectrolytes but increases with concentration in the entangled regime, as
discussed in Section 1.3. The corresponding scaling law that describes the concentrationdependent shear relaxation time (extracted from shear rheology measurements) is correlated with
the concentration-dependent behavior of the correlation blobs (see Table 1-I and corresponding
text for information about correlation blobs). In the case of neutral polymers, chains stretched by
hydrodynamics in the semidilute regime show a stronger concentration-dependent increase in
extensional relaxation time, as stretching increases the degree of overlap as well as screening of
excluded volume and hydrodynamic interactions [21]. It is by using these relationships between
viscosity, relaxation time, and polymer coil size that rheology allows conclusions to be drawn
about interactions between polyelectrolyte and ion interactions.
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While the addition of both monovalent and divalent salt leads to a lower extensional
relaxation time and lower extensional viscosity than for salt-free polyelectrolyte solutions, the
values obtained for divalent salt are lower than those obtained for the monovalent salt. Thus, it is
concluded that monovalent and divalent salt both somewhat provide screening of the negative
charges along the polymer backbone from one another, reducing polymer coil size and therefore
relaxation time. Additionally, the higher charge on calcium (and added anions) may provide
additional or stronger screening in solutions containing CaCl2 compared to the same molar
concentration of NaCl. However, the increase in extensional relaxation time and viscosity on the
addition of further divalent salt suggests an additional mechanism of action. Greater extensional
relaxation time, extensional viscosity, and longer elastocapillary regime for higher divalent salt
concentration suggests that polymer chains are resisting the extensional flow more strongly. This
greater resistance may be because two polymer chains are complexed together or because one
polymer chain is complexed to itself; extensional rheology cannot differentiate between these two
mechanisms. Therefore results shown in Figure 3-5 taken in conjunction with the shear rheology
data suggest that the calcium ions in solution can cause complexation between chains. This means
that ion bridges (transient complexes) may be the driving force behind the non-monotonic behavior
observed in the shear rheometry data for the calcium solutions.

Conclusions
It has been shown that while monovalent and divalent salts both decreased the extensional
viscosities of solutions from those without added salts, the effect of the concentration of salt differs
between monovalent and divalent salts. The trend with monovalent salts was consistent with
previously reported data: higher concentrations of monovalent salt screened negative charges on
the polyelectrolyte backbone more effectively, decreasing solution extensional viscosity. However,
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with divalent salts, the trend with increasing salt concentration is different: at increased
concentrations, divalent cations resulted in greater extensional viscosity, potentially due to the
formation of complexes with the polyelectrolyte chain. Additionally, all the solutions studied here
were strain hardening in the strain ranges investigated.
The results here and in Chapter 2 support the widespread use of HPAM in EOR. The shear
thinning nature of the solutions is beneficial during pumping and transportation of the solutions.
Simultaneously, in the extensional flow fields encountered in porous media, the strain hardening
behavior of the solutions would promote higher oil recovery by increasing the capillary number
and dislodging more trapped oil droplets out of pores. In the past, it been an open question if the
apparent benefits of utilizing HPAM in EOR are negated by the presence of salt or hard water
(high calcium concentration). The results in this chapter and in Chapter 2 show that the addition
of salt, either monovalent or divalent, leads to a reduction in both shear and extensional viscosity.
Despite this reduction, the shear thinning and strain hardening behavior remains in the presence of
salt, even calcium, ions. The hypothesized transient crosslinks provided by calcium ions would
further increase the strain hardening behavior of solutions in hard water (high calcium content).
Therefore, it is believed that even in high salinity and high hardness, solutions of HPAM would
maintain the properties that are beneficial to EOR: shear thinning and strain hardening.
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4. SHEAR RHEOLOGY AND CHARACTERIZATION OF MODEL
POLYMERS: CHANGING PERCENT HYDROLYSIS

Introduction
To truly understand the interactions between ions and polyelectrolytes, the charge
concentration along the polymer backbone must be controlled. For HPAM, this is called the %
hydrolysis. At 0% hydrolysis, HPAM is polyacrylamide; at 100% hydrolysis, it is poly(sodium
acrylate) or polyacrylic acid (here called PAA regardless of state). In neutral aqueous solutions,
the acrylate (or acrylic acid) chains dissociate sodium ions (or hydrogen ions) to form negative
ions along the polymer chain. As discussed in Section 1.3, the presence of these negative charges
impacts the conformation of the polymer coil. This in turn means that the shear rheology of
aqueous HPAM solutions depends strongly on the % hydrolysis. At high % hydrolysis and high
shear, it has been reported that solutions can display shear thickening behavior [50] while PAM
and low % hydrolysis HPAM solutions display monotonic shear thinning [50]. Other studies have
found that at increasing % hydrolysis, the addition of monovalent salt decreases shear viscosity
further [50] and that this effect depends on % hydrolysis. Few studies have investigated the effect
of divalent salt concentration on HPAM solutions with varying % hydrolysis [46]. Whether the
crosslinks formed by calcium are inter- or intramolecular may depend on the spacing between
negative charges along the polymer backbone, which would be related to the % hydrolysis [48].
In this study, a novel physical gel was discovered. Other polyacrylic acid, polyacrylamide,
or sodium polyacrylate gels have been studied, but these are typically chemically crosslinked gels
[34], [80], [81]. Of particular interest is the swelling of these gels, as this is related to the chemical
and physical structure of the gel and the electrostatics of the gel. The swelling behavior of
chemically crosslinked HPAM gels depend on the portion of acrylate [34]. In general, the higher
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the acrylate content, the more the gels swell in water. This is due to the highly favorable
interactions between water and the acrylate moieties: both hydrogen bonding and ion-dipole
bonding can occur when the acrylate group is deprotonated [82]. When swollen in a monovalent
salt solution, the swelling is depressed, and when swollen in a multivalent salt solution, the gels
tend to swell then deswell [34]. Cations shield the ions of the acrylate groups, decreasing the
attractive force between the polymer network and water. In the case of multivalent ions, the cations
can form complexes between multiple distinct acrylate moieties. This in turn causes the network
to be physically restricted, and forces water to be expelled, which is the cause of the deswelling
phenomenon [34]. Higher acrylate content gels are more sensitive to multivalent ions and deswell
more [34]. The equilibrium swelling in solutions with multivalent salts is lower than that with
monovalent salts [34], [83]. Additionally, multivalent ions tend to replace monovalent ions in
such gels [40]. It is theorized that monovalent ions are loosely coordinated to the polymer, that
divalent ions are more closely associated with the polymer gel, and that trivalent ions are very
tightly coordinated to the negative charges on the polymer [40], [69].
In this study, the effect of % hydrolysis of HPAM on the shear rheology is studied. PAM is
chemically modified to different % hydrolysis and characterized via FT-IR. Monovalent and
divalent salt concentration is varied to determine how counterions interact with the polyelectrolyte.
The swelling of a physical acrylate-acrylamide gel is studied by gravimetric and volumetric
methods, and the structure of the gel is studied by small angle x-ray scattering (SAXS). Taken
together, this study provides new insights into the hydrolysis of PAM and how the negative charges
on HPAM may interact with multivalent counterions in solution.

51
Materials and Methods
4.2.1 Materials and synthesis
Polyacrylamide with a reported average molecular weight of 1 million g/mol was
purchased from Spectrum Chemicals (New Brunswick, NJ). No purification of polymer was
performed prior to hydrolysis. Polyacrylic acid solution (aqueous, 25%) was obtained from
Polysciences Inc. (Warrington, PA); the reported molecular weight was 50,000 g/mol. Sodium
hydroxide pellets were used and were first crushed by mortar and pestle prior to use. Sodium
chloride and anhydrous calcium chloride were used as received.
The hydrolysis procedure, which was modified from that described by Truong et al. [84],
is as follows. The polyacrylamide, at 0.1 M of acrylamide, was placed in a roundbottom flask and
the solution stirred overnight to allow the polymer to dissolve in deionized water. Then, the
temperature was brought to 50° C via an oil bath and sodium hydroxide (0.25 M) added while
stirring continued. The reaction was stopped by placing the roundbottom in an ice bath to halt the
reaction (as the hydrolysis reaction proceeds very slowly at temperatures <30° C). It was assumed
that kinetics were similar to those found by Truong et al. [84], described in Table 4-I.
Table 4-I Relationship between % hydrolysis and reaction time as reported by Truong et al.
Sample name
HPAM A
HPAM B
HPAM C

Desired % hydrolysis
10
26
40

Reaction time (min)
15
120
240

The polymer was recovered by precipitation into 50/50 v/v methanol/ethanol two times,
followed by vacuum drying for 4 to 8 hours. The PAA solution was neutralized using an NaOH
solution, in a procedure described previously by the Erk group [34], [39].
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The chemical structure of the polymers was characterized using a Nicolet Magna-IR
Spectrometer 550 FTIR. PAM that had been purified by the above procedure was used as the
reference PAM material. Neutralized PAA solution was used as a reference material.
4.2.2 Shear rheometry
The Anton Paar MCR 702 was used in single drive mode for all shear rheometry
experiments. All shear rheometry measurements were performed with the double gap fixture with
diameter of 26.7 mm (DG26.7) at a constant temperature of 25 °C, maintained by a Peltier heating
system with water as the heat transfer fluid.
The shear rheology experiments were carried out on a torsional rheometer using the
experimental protocol outlined in Figure 4-1. A constant shear rate of 1 s-1 was applied for 5
minutes, with measurements being recorded every 3 s for a total of 100 measurements. A shear
rate of 10 s-1 was then applied and maintained for 5 minutes, again with measurements taken every
3 s. This process was repeated for 100 s-1 and 500 s-1. The focus of the measurements was
assessment of steady shear viscosity values at the shear rates experienced by solutions during EOR
applications. Solutions in EOR applications typically experience high shear rates (500 s-1 or more)
during pumping, but lower shear rates (1 s-1 or less) in transit and in the oil reservoir. This
procedure was repeated with 3 aliquots of the same solution.
Viscosity measurements reported here are the average of the measurements taken from the
last 100 s during constant shear. The outlined procedure ensures that the viscosity values reported
here are extracted from the steady shear, and in experiments reported here, the last 100 s of data is
generally stable, as seen in Figure 4-1b. The shear profile was developed so as to mimic the shear
profile experienced by solutions during enhanced oil recovery (EOR) while also reducing the effect
of hysteresis.
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Figure 4-1 Description of the shear rheology method used in this study. (a) Applied shear rate vs
time and (b) the applied shear rate and measured apparent shear viscosity at one plateau.
Reported results are an average of the last 100 s of each plateau; the results from three aliquots
are then averaged
To determine whether the applied shear profile truly measured equilibrium values,
additional experiments, described in Figure 4-2, were also carried out on select samples. Due to a
limited amount of polyacrylamide sample, previously used solution was used for these tests,
although the tests are separated by many days’ rest. An experiment was performed using a method
similar to the step up method described above and in Figure 4-1a but starting at 500 s-1 and
gradually decreasing to 1 s-1; this shear profile is shown in Figure 4-2a and is referred to as the
step down method. In addition to these step down tests, steady shear experiments were performed.
During steady shear experiments, a steady shear rate was initially applied for 5 minutes with
viscosity measurements taken every 5 s for 100 points. A shear ramp was then applied from 1 s -1
to 500 s-1 with 5 measurements taken per decade and 30 s allowed for each measurement. Another
steady shear rate was then applied for 5 minutes. An example of the applied shear rate in the steady
shear experiments is shown in Figure 4-2b.
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Figure 4-2 Shear rate profiles used to determine validity of of shear rate method used in this
study. (a) The "step down" method (b) and the “pre-ramp” and “post-ramp” method
4.2.3 Gel swelling
To measure the swelling of physically crosslinked gels, many methods were employed.
The mass of dry polymer was too small to obtain reliable results of swelling and deswelling
kinetics using the teabag method described elsewhere, although estimates of the equilibrium
swelling could be made. Three samples of the HPAM C polymer were weighed dry and images of
their different faces taken. Then the samples were placed in an aqueous solution of 1M calcium
chloride at 0.3 wt% of polymer. The solutions were allowed to rest for 24 hours at which time the
gels were weighed and images taken. The gels were then placed back into the same solution and
weighed again an additional 24 and 48 hours later. Taking these additional measurements was to
confirm that the swelling measurements were equilibrium values.
To obtain the swelling ratio by mass, equation 4.1 was used:
𝑄𝑚 =

𝑚𝑠 −𝑚𝑑
𝑚𝑑

(4.1)

Where Qm is the swelling ratio by mass, ms is the mass of the swollen gel, and md is the
mass of the dry gel. Values of Q for polyacrylamide are typically between one and ten and for
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poly(sodium acrylate – co – acrylamide) can be as large as 100. To obtain the swelling ratio by
volume, equation 4.2 was used:
𝑄𝑣 =

𝜌𝑤 (𝑟𝑠3 −𝑟𝑑3 )

(4.2)

𝜌𝑝 𝑟𝑑3

Where Qv is the swelling ratio by volume, rs is the average radius of the swollen gel, rd is
the average radius of the dry gel, ρw is the density of water, and ρp is the density of the dry polymer
which is assumed to be that of polyacrylamide, or 1.3 g/mL. Three images of each particle were
taken, each state in a different orientation. For each image, the radius of the smallest circle that
would approximately circumscribe the particle in each image and the radius of the largest circle
that could be inscribed within the particle in each image, as demonstrated in Figure 4-3, was found.
These were averaged over all images of the same gel to determine the radius used in calculating
Qv.

Figure 4-3 Visualization of the circles (yellow) used to determine the average radius used in
calculating the average volumetric swelling ratio
In addition to confirming the equilibrium swelling of the gel, small angle x-ray scattering
(SAXS) was used to determine the internal structure of the gel, specifically the mesh size. SAXS
is sensitive to changes in electron density. As the crosslinks of the gel most likely are formed by
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calcium ions, SAXS may be able to detect the spacing between these areas of calcium ion
concentration and therefore the mesh size. For comparison, SAXS was also performed on solutions
of the same polymer in water and 1 M NaCl. For the two liquid samples, approximately 0.1 mL of
solution was injected into a quartz capillary (Anton Paar) that had a 1 mm inner diameter. The gel
sample was cut to fit within the well of the solids sample holder, approximately 1 mm x 1 mm x
0.5 mm. All SAXS experiments were performed using the SAXSpoint 2.0 (Anton Paar) using a
copper Kα source (λ = 1.54 Å). Experiments were performed under vacuum using an EIGER R
series Hybrid Photon Counting detector. The scattering distance of all data was 576 mm. For all
samples, three frames of data were collected, each consisting of a 5 minute exposure time. Data
reduction was performed using SAXSanalysis Version 2.50 (Anton Paar). Further data subtraction
and model fitting was performed using Igor Pro 8.00 with Irena macros (Jan Ilavsky).

Results
4.3.1 Polymer characterization
FT-IR results are shown in Figure 4-4. The broad peak at approximately 3200 cm-1 is
assigned to the amide (N-H) stretching for acrylamide (AM) and possibly O-H stretching for
acrylate (AA) repeat units [85], [86]. The peak near 1650 cm-1 is assigned to C-O stretching. In
the PAM spectrum, this peak is split and a second peak appears near 1600 cm-1; this is assigned to
NH2 bending. In the HPAM spectra, this peak has shifted to a distinct peak near 1550 cm-1 [85].
The peaks however are not resolved enough from one another, especially in the HPAM A
spectrum, for quantitative determination of % hydrolysis. In the future, various titration methods
of the polymer solutions may be needed to determine the % hydrolysis of the polymer [87].
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Figure 4-4 FT-IR spectra of polymers used in this study (a) Full spectra. (b) Detail of 1400 1800 cm-1
4.3.2 Shear rheometry
The shear rheometry results comparing the step up and step down methods (described in
Figure 4-1 and Figure 4-2 respectively) are shown in Figure 4-5. All points shown are ensemble
averages; error bars represent one standard deviation. Note that for the “step up” tests, averages
are from three different aliquots; for the “step down” test, the average is from one aliquot that was
re-used from the “step-up” test, albeit after many days. Results from the step up and step down
tests are similar in order of magnitude and overall behavior. For the solution tested in water, the
values are within two standard deviations at 1 s-1 and 10 s-1. As the values for the step down test
at these relatively low shear rates (1 and 10 s-1) were taken after higher shear rates and yet are still
in agreement with the measurements taken by the other method, differences in results will be
attributed to a small sample size and therefore small standard deviation.
The results from the “pre-ramp” and “post-ramp” tests are summarized in Table 4-II. As with the
step up and step down methods, the pre- and post-ramp values for the solution in water is within
two standard deviations of the step up value (it is within one standard deviation) while the values
for the NaCl solution is not. However, the pre-ramp and post-ramp values for both solutions are
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not within two standard deviations of each other. This is again likely due to the low standard
deviations of the values as they are taken from only one aliquot. It is possible that the true viscosity
values lie in some range of the values reported here; it is also possible that the many days (to weeks)
rest allowed or the re-use of the solution altered the shear viscosity results slightly. In any matter,
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the remainder of the shear results presented here are considered trustworthy.
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Figure 4-5 Comparison of step up and step down shear profile results for 1MM polymer with
40% hydrolysis in (a) water and (b) 0.0386 M NaCl
Table 4-II Comparison of Step up, Pre-ramp, and Post-ramp apparent shear viscosities at 1 s-1
Solvent

Step up (mPa s)

Water
0.0386 M NaCl

1795.31 ± 345.70
106.96 ± 9.62

Pre-ramp steady
shear (mPa s)
1565.92 ± 1.12
82.59 ± 0.18

Post-ramp steady
shear (mPa s)
1579.88 ± 1.13
81.72 ± 0.22

The shear rheometry results (all further shear rheometry results in this chapter are from the
“step up” method) from the 1 million g/mol polymer with no added salt are shown in Figure 4-6.
All points shown are ensemble averages; error bars represent one standard deviation. All solutions
are shear thinning in the shear rate range investigated. The PAM solution has a viscosity orders of
magnitude lower than that of the HPAM solutions. Additionally, while the PAM solution is shear
thinning, it does not display power law behavior while the HPAM solutions do. All HPAM
solutions have similar viscosities at all shear rates studied here. For all HPAM solutions, the power
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law exponent is n ~ 0.3. This power law and shear thinning behavior is consistent with results for

Apparent Shear Viscosity (mPa s)

solutions of hydrolyzed polyacrylamide from Chapter 2.
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Figure 4-6 Apparent shear viscosity vs shear rate for polymer solutions containing polymers with
different % hydrolysis. All solutions contain 0.3 wt% of polymer in water with no added salt.
The shear rheometry results from the hydrolyzed polymer (HPAM A, B, and C) solutions
with salt are shown in Figure 4-7, 4-8, and 4-9, respectively. All solutions contain 0.3 wt% of
polymer; points represent ensemble averages and error bars represent one standard deviation. Data
for solutions containing the HPAM C and calcium are not shown because a gel formed when the
polymer was placed in 1 M CaCl2 solution (see Section 4.3.3).
Adding any amount of either salt lowers solution viscosity from that with no salt at all
shear rates studied here. Further, solutions containing higher concentrations of NaCl uniformly
display lower shear viscosities than those with lower concentrations of NaCl, results that are
consistent with those found in Chapter 2. Solutions containing a higher concentration of CaCl2
have a higher shear viscosity than those with a lower concentration of CaCl2. This is consistent
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with the extensional rheology results presented in Chapter 3, but is inconsistent with the previously
reported shear rheology results (see Figure 2-10). For a comparison of the shear rheology results
presented here with respect to % hydrolysis, see Figure 4-10. The data in Figure 4-10 are the same
as that reported in Figures 4-7 through 4-9, but only the viscosity at 500 s-1 is reported. Note that
ionic strength is not the same as salt concentration; for NaCl ionic strength and concentration are
equivalent but for CaCl2, the ionic strength is three times the salt concentration.
There are no observable trends with respect to ionic strength or % hydrolysis in Figure
4-10. It appears as if it makes more sense to consider the effects of NaCl and CaCl 2 separately
instead of treating all ions as having the same impact on behavior and conformation, as is often
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Figure 4-7 Apparent shear viscosity vs. shear rate of HPAM A in solutions of various salinity.
Solutions contain 0.3 wt% of polymer; error bars represent one standard deviation
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Figure 4-8 Apparent shear viscosity vs shear rate for HPAM B solutions of various salinity.
Solutions contain 0.3 wt% of polymer; error bars represent one standard deviation
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Figure 4-9 Apparent shear viscosity vs shear rate for HPAM C solutions of various salinity.
Solutions contain 0.3 wt% of polymer; error bars represent one standard deviation
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While there is no trend in the absolute values of viscosity with respect to % hydrolysis,
there is a trend in how much viscosity changes upon the addition of additional monovalent salt.
The percent difference between the viscosity of the solutions at 500 s-1 with low and high
monovalent salt increases in magnitude with increases with % hydrolysis, as can be seen in Table
4-III. No such trend exists for divalent salts.
Table 4-III Relationship between % hydrolysis and the change in viscosity on addition of further
monovalent salt
Anticipated %
Hydrolysis
10
25
40

Sample name

Apparent Shear Viscosity at 500 s-1 (mPa s)

HPAM A
HPAM B
HPAM C

16
14

% change between low
and high [NaCl]
-23.9
-50.1
-65.1

0.0386M NaCl 1M NaCl 0.0386M CaCl2 1 M CaCl2
HPAM A
HPAM B
HPAM C

12
10
8
6
4
2
0
0.1

1

10

Ionic Strength (M)
Figure 4-10 Apparent shear viscosity at 500 s-1 vs ionic strength of polymer solutions studied in
this chapter (See Figures 4-7 through 4-9)
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4.3.3 Gel swelling
Upon addition of HPAM C to 1 M CaCl2, a stable gel formed; the gel remained and did not
noticeably dissolve even when stirred in excess solvent for many days. The gel was colorless and
mechanically rigid enough to be manipulated and picked up with tweezers. To compare this
physical gel to previously characterized chemical gels, swelling tests were performed. The results
of the swelling tests are summarized in Table 4-IV.
Table 4-IV Summary of swelling results for linear polyacrylamide-co-sodium acrylate gels
swelled in calcium chloride solutions
Initial Sample
Qm (24 hr)
Mass (g)
0.0509
5.28 ± 0.11
0.0285
6.93 ± 0.06
0.0073
5.13 ± 0.30
The Qm values vary through

Qm (48 hr)
5.03 ± 0.23
6.62 ± 0.51
5.31 ± 0.28
the three days

Qm (72 hr)
5.24 ± 0.03
7.03 ± 0.48
5.40 ± 0.12
but are within

Qm (avg)

Qv (24 hr)

5.18 ± 0.09
1.78 ± 0.01
6.86 ± 0.23
2.64 ± 0.02
5.28 ± 0.14
2.65 ± 0.03
two standard deviations of the

largest standard deviation value, and no trend is apparent with time. It is therefore assumed that
after 24 hours, the gels have reached their equilibrium swelling. The Qv values differ from the Qm
values but are within the same order of magnitude. There is no trend with initial sample mass
apparent from this data.
The results from the SAXS experiments are shown in Figure 4-11. The scattering from the
two solutions are similar and do not show order (change in slope) at high Q values. In contrast, the
scattering from the gel sample is very different from that of the solution samples and show order
across a range of Q values. Three populations were used to fit the full gel curve, all spheroidal.
From low Q to high Q the mean radii of these populations were, respectively: 217.43 Å, 25.013
Å, and 9.448 Å.
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Figure 4-11 Intensity vs. scattering vector for the gel, solution of the same polymer in water, and
the solution of the same polymer in 1 M NaCl. Background is subtracted; no calibration to a
standard was performed so note that intensity is in arbitrary units
Discussion
4.4.1 Shear rheometry
The higher shear viscosity of the hydrolyzed polymers than the pure polyacrylamide solution
seen in Figure 4-6 is most likely due to the larger polymer coil size caused by the electrostatic
repulsion of the acrylate repeat units. Similar to that observed in Chapter 2, the weak power law
response (n ~ 0.3) displayed by the hydrolyzed polymer solutions in steady shear viscosity as a
function of shear rate suggests presence of aggregates. The shear viscosity of all of the hydrolyzed
polymer solutions is similar, in contrast to what is reported elsewhere [88]. Perhaps the %
hydrolysis is lower than anticipated, as evidenced by the slight shift in IR data [85]. The %
hydrolysis values may all be closer together than anticipated, and these differences, in the absence
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of other counterions, may not have as much of an impact as the presence of any electrostatic
interactions between monomers.
Addition of a low amount of monovalent salt reduces shear viscosity; further monovalent
salt reduces shear viscosity further. This is again ascribed to enhanced screening by the additional
ions present in solution. The decreased shear viscosity in solutions containing divalent ions
compared to those with the same concentration of monovalent ions is again explained by stronger
screening of the divalent ions and the added screening from the higher concentration of anions
from the salt. The increase in shear viscosity with added divalent salt may be further support for
the idea of some calcium ions in solution acting as temporary crosslinks. However, this could also
be the increase in shear viscosity at high calcium concentrations, as in Figure 2-10b. As the
polymer used here has a lower molecular weight compared to that in Chapter 2, the transition from
decreasing shear viscosity to increasing shear viscosity may occur at a lower salt concentration, as
it would require fewer ions to saturate the negative charges on the polyelectrolyte. The mechanisms
described in Section 2.4 may be playing a role on the polymer conformation and solution viscosity.
The trend in viscosity change with salt addition and % hydrolysis, that is, the higher the
charge concentration on the polymer backbone, the more of a difference the monovalent salt
concentration has on the shear viscosity. This is consistent with literature reports that at higher %
hydrolysis, HPAM is “more sensitive” to salt [49]. However, it is important to note that regardless
of the salt concentration and % hydrolysis, the solutions remain shear thinning, which is a desirable
property for effective EOR processes, as discussed in Section 3.5.
4.4.2 Gel swelling
Most other studies of acrylamide-acrylate gels utilize chemical crosslinks [34], [40], [80],
[81], [83], [89]. Other studies have reported that the polymer did not dissolve in calcium solutions
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without the addition of monovalent salt or that the polymer precipitates or flocculates in calcium
solution. It is believed that this gel is a physical gel is formed by the calcium ions acting as an ion
bridge between charged acrylate groups. Gel formation does not occur with the polymers of lower
% hydrolysis because there are fewer possible sites (negative charges along the polymer backbone)
for such crosslinks to form.
Typical swelling ratios for chemically crosslinked acrylate copolymers can range up to 100
[34] while for polyacrylamide the swelling ratio is typically less than 10 [80]. However, in aqueous
solutions containing calcium ions, equilibrium swelling ratios for such gels are approximately 10
[34]. Therefore the swelling ratios in Table 4-IV are significantly lower than that for chemically
crosslinked polymers of the similar chemical composition in water, but are comparable to that in
calcium solutions. The true swelling ratio most likely lies in between the gravimetric and
volumetric swelling ratios. The gravimetric method can overestimate the amount of water as not
all of the surface water can be removed prior to weighing the swollen gel. This artificially increases
the Qm. However, the volumetric method also most likely underestimates the swelling. The method
used here assumes spherical particles. Neither the dry nor swollen particles are spherical; however,
the dry particles have more jagged edges and surface roughness than the swollen particles. This
leads to the dry volume being overestimated more severely than the swollen volume, artificially
decreasing the swelling ratio.
It is hypothesized that the smallest length scale detected by SAXS, 9.448 Å, is the size of a
crosslink or ion bridge consisting of one calcium ion and two associated charged repeat units. The
size of Ca2+ in aqueous solution is 1.02 Å [68] while the hydrated radius of Ca2+ is 4.12 Å [90] and
the Kuhn length of polyacrylamide is approximately 4.5 Å [91], so this value is not unreasonable.
The middle length scale of 25.013 Å may be the distance between intermolecular crosslinks,
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commonly called the mesh size. If it assumed that each sodium acrylate repeat unit participated in
crosslinking, and each repeat unit (regardless of type) was 4.5 Å, if the crosslinking was completely
intramolecular, the distance between crosslinks would be only 5.6 Å (1.25 x the length of a
monomer unit). It is hypothesized that these intermolecular crosslinks are inhomogeneously
distributed and that therefore there are areas or domains within the gel that have a high
concentration of ion bridges. The longest length scale reported in SAXS, 217.43 Å, may therefore
be the distance between domains of high ion bridge density. It is reported that the hydrolysis
method used here produces a polymer with more evenly distributed acrylate groups than
copolymerization [84], [92]. However, in industrial processes used to post-hydrolyze
polyacrylamide, a more uneven distribution of acrylate repeat units occurs than in
copolymerization [93]. This is due to uneven diffusion of the acid or base into the solid polymer
beads that are used in the industrial post-hydrolysis process [93]. An uneven distribution of
acrylate groups may lead to this inhomogeneous distribution of ion bridges in the resulting gel.

Conclusions
In this study, polymers with varying degrees of hydrolysis were synthesized. Their rheological
behavior with added salt is consistent with that reported in Chapter 2 and elsewhere. A novel
physical gel at high hydrolysis and calcium concentration was discovered and its swelling was
found to be consistent with that of other acrylate chemical gels. The structure of the gel was found
to be hierarchical, perhaps explained by domains containing a high density of ionic bridges due to
an uneven distribution of acrylate repeat units. The increased sensitivity of higher % hydrolysis
polymers to monovalent salt concentration combined with the formation of a gel at the highest %
hydrolysis studied here, suggests that low to moderate (less than 40%) hydrolysis degrees be
utilized for EOR, as is consistent with current industrial practice.
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5. CONCLUSIONS

Summary of Results
The shear and extensional rheology of aqueous solutions of industrially used HPAM were
studied with varying concentrations of monovalent and divalent salts. Increasing polymer
concentration increased shear and extensional viscosity, consistent with results reported elsewhere.
Addition of any amount of salt reduced shear and extensional viscosity. Further addition of
monovalent salt generally decreased shear and extensional viscosity, due to additional screening
of the negative charges of the HPAM. The behavior of the solutions on further addition of
monovalent and divalent salt was non-monotonic in shear, most likely due to some type of
polymer-polymer interactions. On addition on divalent salt, shear viscosity decreased but
extensional viscosity increased. These results taken together suggest temporary physical crosslinks
formed by the calcium ions.
In addition to the commercial HPAM, model PAM was studied. PAM was hydrolyzed to
varying degrees and characterized by FT-IR. Shear rheology was used to characterize the effect of
monovalent and divalent salts on the polymers with different % hydrolysis. While little difference
was observed in the solutions without salt, it was shown that at increasing % hydrolysis, added
monovalent salt decreased viscosity more, relative to the viscosity with low monovalent salt. This
supports other studies that suggest higher % hydrolysis polymers are more sensitive to salinity.
Upon the addition of a high amount of calcium, the 40% hydrolysis formed a physical gel. This
gel was studied via gravimetric and volumetric swelling tests; the swelling was found to be similar
to that of acrylate chemical gels. A hierarchical structure of the gel was found using SAXS,
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suggesting domains with a high density of crosslinks that may be due to an uneven distribution of
acrylate groups.

Implications for EOR and Future Directions
This study supports previous work suggesting that HPAM is a good polymer for ASP EOR.
We do not find for many formulations of polymer and salt that HPAM flocculates in calcium
solutions, contradicting common industry experience. The mechanism of why HPAM is so
effective for EOR has been investigated and is explained by its shear thinning but strain hardening
properties, even in the presence of high salinity. That being said, increasing % hydrolysis does
appear to make HPAM more sensitive to monovalent salt concentration, while pure PAM solutions
do have a lower shear viscosity than HPAM solutions. This, combined with the formation of a gel
at high % hydrolysis and high calcium concentration explains the use of low % hydrolysis
polymers for EOR.
Future work will focus on expanding the understanding of the relationship between
polyelectrolytes and ions in solutions. Model HPAM can be synthesized via controlled
polymerization to achieve a wider % hydrolysis as well as vary molecular weight. By expanding
the variable space to include molecular weight, more questions can be answered about divalent
salts can be answered, e.g. is the impact of % hydrolysis due to the distance between negative
charges on the polymer backbone or due to the partial saturation of negative charges? Additional
future work will explore the possibility of formulating other physical acrylamide-acrylate gels
crosslinked via calcium ions. Should sufficient gel samples be generated, gelation and swelling
kinetics will be studied. The critical concentration to formulate a gel would be found, and the
kinetics at various fractions of said concentration would be studied to determine the effect of
calcium concentration on crosslinking kinetics.
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